The gastrointestinal tract of chickens harbors complex microbial communities, with the 52 highest bacterial diversity found in the ceca (1) . The ceca are dominated by strictly-anaerobic 53 bacteria, mainly Ruminococcaceae and Lachnospiraceae (1, 2) , while in the crop, small 54 intestine and feces Lactobacillus is highly abundant (1, 3) . The establishment of the chicken's 55 intestinal microbiota begins immediately post-hatch and is influenced by internal (e.g., host 56 genetics) and external factors (e.g., diet and encountered environmental microbes) (4). The 57 development of a mature microbial community mostly occurs until three weeks of age (1) . 58
Maturational changes within the gastrointestinal microbiota significantly impact host's 59 phenotype by modulating the development of the digestive tract, secretion of bile acids and 60 digestive enzymes, which influences nutrient digestion and absorption and consequently may 61 affect growth performance and feed efficiency (FE) (5). Moreover, the commensal intestinal 62 microbiota play important roles in stimulating intestinal immune functions and in colonization 63 resistance against pathogens (4, 5). 64
Although different FE-associated intestinal microbiota have been reported for chickens, 65 the identification of target bacteria proves to be challenging, as bacteria associated with good 66 FE vary greatly both within and between studies (6, 7, 8). Moreover, many of the FE-67 associated phylotypes failed to be classified at the genus or species level, rendering it difficult 68 but did not impact FE in the growing chicks (12). By contrast, previous work in mice 77 colonized with human microbiota indicated that a FMT can induce obesity (13) and hence 78 may modify the FE of the host. Whether a FMT may be more efficacious to improve 79 chicken's FE has not been sufficiently investigated so far. As differences in the fecal 80 microbiota between low and high feed efficient chickens exist (6, 14), we hypothesized that 81 excreta collected from highly feed efficient chickens may influence chicken's early microbial 82 colonization and subsequently improve FE. 83
Because improvements in chicken FE can reduce nutrient excretion (15), we further 84 hypothesized that, if the FMT can improve chicken FE, this should be associated with 85 enhanced nutrient retention and reduced excretion of environmental pollutants. The objectives 86 of the present study were to investigate 1) the FE-associated bacterial profiles in feces of 87 chickens at 16 and 29 days post-hatch (dph), 2) the effect of administrating a FMT from 88 highly feed efficient donors early in life on the fecal microbiota of good and poor FE chickens 89 at 16 and 29 dph, and 3) whether the FMT could modify chicken's FE and nutrient retention 90 at slaughter age. To assess whether the fecal microbiota generally impacted host FE and 91 physiological traits, correlations between fecal bacterial abundances and performance traits 92 and excreta characteristics were calculated. 93
94

RESULTS 95
Performance, excreta characteristics and nutrient retention. The effects of residual 96 feed intake (RFI) rank and inoculation treatment on FE and performance traits between 9 and 97 30 dph, combined for both sexes and separately for females and males, are summarized in 98 Table 1 . Across sexes, the RFI was 289g lower in low (good feed efficient) compared to high 99 (poor feed efficient) RFI chickens (P < 0.001). Furthermore, chickens with a low RFI showed 100 a 278.5g lower total feed intake (TFI) compared to their high RFI counterparts (P < 0.001).
other genera showed abundances <1.0% (Fig. 3b ). Comparisons of α-diversity and the 134 microbiota composition at all taxonomic levels (i.e., phylum, family, genus and OTU level) 135 indicated maturational changes in the fecal community from 16 to 29 dph ( Fig. 3 , Tables 3  136   and 4, Table S3 ). Beta-diversity analysis using weighted UniFrac distances, in turn, did not 137
show differences in the overall bacterial community structure between the two sampling time 138 points ( Fig. 2b ). Alpha-diversity indices based on species richness and evenness (Shannon 139 and Simpson) tended to decrease from 16 to 29 dph (P < 0.10; Table 3 ). This was 140 accompanied by a decrease in the fecal abundance of highly abundant Firmicutes and low 141 abundant Actinobacteria, while highly abundant Proteobacteria increased from 16 to 29 dph 142 (P < 0.05; Fig. 3a ). Moreover, time point-related effects existed within the high abundant 143
Lactobacillus genus and for two Eubacterium-OTUs (OTU4 and OTU15), which were 2.7-, 144 3.2-and 3.1-fold more abundant at 16 dph than at 29 dph (P < 0.05; Fig. 3b , Table S3 ). In 145 contrast, highly abundant Escherichia/Shigella-OTUs (OTU1 and OTU6) and Turicibacter-146
OTUs (OTU3 and OTU22) increased by 1.3-, 1.4-, 11.5-and 13.1-fold from 16 to 29 dph, 147 respectively (P < 0.05). 148
RFI-associated differences in the fecal microbiota. Weighted UniFrac-based distances 149
showed no difference in the fecal microbiota composition between RFI ranks ( Fig. 2c ). 150
Compositional differences in the fecal bacterial abundances between low and high RFI 151
chickens at the phylum, family and genus level were hardly detectable ( Fig. 3 , Table 4 ). tended to be decreased in low compared to high RFI chickens (P < 0.10). 160
FMT-related microbiota shifts. Weighted UniFrac distances indicated high similarities 161
in the structure of fecal bacterial communities between treatment groups and the FMT (Fig.  162 2d). The high-abundant Escherichia/Shigella-OTU1 in the FMT also dominated in chicken's 163 feces at 16 (38.6%) and 29 dph (50.1%), but did not differ between the two inoculation groups 164 (P > 0.10; see Table S3 ). Likewise, the second most abundant OTU in the FMT (Turicibacter-165 OTU3) was predominant in feces across time points (0.83% at 16 dph and 9.6% at 29 dph), 166 but again was equally abundant between both inoculation groups. Administration of the FMT 167 decreased the abundance of one Anaerobacterium-OTU (OTU56) and Klebsiella-OTU18 by 168 2.8-and 2.6-fold (P < 0.05). Moreover, the FMT tended (P < 0.10) to decrease the 169 abundances of five Anerobacterium-OTUs (OTU16, OTU28, OTU58, OTU119 and OTU130) 170 and one Acetivibrio-OTU (OTU80) compared to the CT, while one Comamonas-OTU 171 (OTU113) tended (P < 0.10) to be more abundant in the FMT compared to the CT chicken 172 group. Likewise, the FMT tended (P < 0.10) to increase Comamonas at the genus level ( Fig.  173 3b). At the phylum level, low abundant Actinobacteria tended to be less abundant in the FMT 9 (OTU50; r = 0.33 and OTU88; r = 0.34) and one Clostridium-OTU (OTU39; r = 0.38). One indicating, together with the bacterial data, that other probably host-and environment (e.g., 202 diet)-related factors more strongly affected chicken's microbiota maturation and FE than the 203 application of an external microbial inoculum within the first days of life (16). By contrast, 204 the FMT effectively reduced the time taken to reach slaughter weight in female chickens, as it 205 tended to stimulate feed intake and as a consequence BW gain in females, which may be 206 associated with differences in microbe-host signaling between females receiving the FMT and 207 those receiving the CT. 208 In contrast to our previous study using the same chicken line, housing and dietary 209 formulation (17) different FE-associated bacterial taxa were found in the present study. This 210 may be partly ascribed to maturational changes in the intestinal microbiota, as the age of the 211 chickens at fecal sampling between the two studies differed, with the current chickens being 212 six days younger than in our previous experiment (17). Maturational changes also tended to 213 decrease the diversity of the fecal bacterial community from 16 to 29 dph in the present study, 214 which was in contrast to previous findings for the fecal bacterial community in chickens 7, 21 215 and 42 dph (18). Similar to the maturational changes reported by Ranjitkar et al. (1) for the 216 chicken cecum at 15 and 29 dph, Lactobacillus was more abundant in feces at 16 dph 217 compared to 29 dph in the present study. As the chicken aged, we observed an increase in 218
Negativibacillus
Turicibacter and Escherichia/Shigella phylotypes in feces, which was contrary to previous 219 findings for the cecum (1, 19) and may be related to the intestinal site and differences in the 220 succession of diets fed to the chickens during the respective experiment. 221
Despite the age-related changes in the fecal bacterial composition, similar RFI-222 associated bacteria could be identified at 16 and 29 dph. In particular, mainly L. salivarius-223
OTUs and L. crispatus-OTUs were associated with low RFI and thus improved FE. Both L. 224 salivarius and L. crispatus are resistant to bile salts and acidic pH, inhibit the growth of 225 potential pathogens such as Escherichia coli and Salmonella enteritidis and have 226 immunomodulatory properties (20, 21). Moreover, L. salivarius and Lactobacillus agilis may 227 enhance intestinal butyrate production, which may be beneficial for intestinal health via cross-228 feeding, as shown for an in vitro simulated chicken cecum (22). Nevertheless, inconsistent 229 findings were reported for the association between lactobacilli and FE in chickens (7, 8, 23, 230 24), which may be due to particularities in experimental design, microbiota composition, diet 231 and the intestinal site investigated. When correlating individual RFI values with bacterial abundances in feces at 29 dph, results indicated that RFI-associations existed with other low 233 abundant phylotypes (relative abundance 0.09 to 0.18% at 29 dph). These phylotypes were 234 classified as one Clostridium saccharolyticum-and two Gracilibacter-OTUs using the NCBI 235 database. Clostridium saccharolyticium has been shown to possess saccharolytic activities 236 (25). An association of this taxa with poor RFI might be therefore indicative for enhanced 237 intestinal fermentation (4) in high RFI chickens, which may reduce the nutrient availability 238 for the host. This may also explain the positive relationships between RFI and the fecal 239 abundance of proteolytic Gracilibacter (26). However, the fecal bacterial community is 240 determined by the microbiota originating from different intestinal sections (27); therefore, 241 caution should be taken when using the microbiota composition in feces to infer the 242 microbiota in other intestinal segments (28). It was probably the complex interplay between 243 all these taxa together that influenced chicken's intestinal homeostasis and FE. However, it 244 cannot be ignored that the driving force behind these differences in taxa abundances may have 245 been the higher feed intake in high RFI chickens, thereby altering the intestinal substrate 246 availability with consequences for host-microbiota interactions and chicken's FE. 247
The current FMT represented the fecal microbial community of highly feed efficient 248 chickens, with Escherichia/Shigella and Turicibacter being the two most abundant OTUs in 249 the FMT. These phylotypes were previously associated with improved FE in chickens (14, 250 17). Therefore, the present FMT may have been an appropriate inoculum to influence 251 chicken's early microbial colonization and concurrently bird's FE. Although some bacterial 252 losses due to the FMT preparation steps likely occurred and low pH in the gizzard may have 253 further decreased bacterial numbers of particular taxa (1), weighted UniFrac distance 254 supported that the bacterial community in the feces of FMT chickens at 16 and 29 dph closely 255 resembled the bacterial community in the FMT inoculum. Nevertheless, the current 256 microbiota profile in the FMT was not efficacious to strongly modify the fecal bacterial 257 abundances at 16 and 29 dph, chicken's RFI or nutrient retention in low and high RFI 12 recipient chickens. Accordingly, inoculating incubating eggs with cecal contents from good 259 feed efficient donors did not transfer the dominant bacterial population from donors to the 260 ceca of recipient birds as well as did not improve chicken's FE (12). 261
Considering that the FMT was prepared from feces of 30 dph-old chickens, it is 262 conceivable that not all bacteria from the more mature FMT inoculum may have been able to 263 successfully colonize the intestinal environment during the first week of life, thereby 264 indicating a potential mismatch between donor and recipient birds. Due to the high dynamics 265
in the re-organization of the intestinal bacterial community with time, normal maturational 266 processes within the chicken microbiota may have been therefore more influential in shaping 267 host's intestinal microbial community than the FMT (12). Especially, the diet is a major factor 268 shaping the intestinal microbiota (29) and all chickens received the same starter, grower and 269 finisher diets. Therefore, the equal fecal abundance of the predominant bacterial taxa in the 270 FMT, Escherichia/Shigella and Turicibacter, between chickens of the FMT and CT groups 271 may be explained by the fact that the diet and possibly chicken's feed intake more strongly 272 affected their fecal abundances in the grower-finisher period than the administration of the 273 FMT early in life. Moreover, as fecal samples were first collected at 16 dph, while the FMT 274 was administered only during the first days post-hatch, it might be possible that effects of the 275 FMT on early bacterial colonization were missed, as they may have disappeared until 16 dph. 276
This may be supported by the trend of the higher abundance of the early colonizer 277
Comamonas in FMT chickens compared to CT chickens, which was evident at 16 dph, but not 278 any longer at 29 dph. However, we cannot draw any conclusion whether the influence of the 279 FMT on bacterial colonization may have been more apparent and more permanent in other 280 intestinal segments. Nonetheless, the FMT application consistently decreased the fecal 281 abundance of several cellulolytic Anaerobacterium species within the Ruminococcaceae 282 family (30) over the two sampling time points, thereby supporting that a certain effect of the 283 post-application. 285
Although sex-related differences in fecal microbiota profiles (17, 31) were small in the 286 present study, differences in intestinal microbe-host signaling between males and females 287 associated with the FMT may have mediated the higher TFI and TBWG of females in the 288 present study. The intestinal microbiota has been reported to alter the feeding behavior of the 289 host via fermentation metabolites (e.g., short chain fatty acids), production of toxins, receptor 290 recognition and stimulation of the vagus nerve, thereby affecting the secretion of satiety-291 regulating hormones and controlling satiety and feed intake (32, 33). 292
In conclusion, this study demonstrated RFI-related differences in the fecal bacterial 293 community in chickens at 16 and 29 dph, with mainly L. salivarius and L. crispatus-OTUs 294 being indicative for good FE. However, multiple applications of a FMT within the first 9 dph 295 only slightly modified the fecal bacterial community in recipient chickens, and were not 296 successful to improve the RFI and nutrient retention in chickens. This indicates that other 297 probably host-and environment-related factors were more important for chicken's fecal 298 microbiota composition at 16 and 29 dph and variation in RFI than the administration of a 299 Law for Animal Experiments, Tierversuchsgesetz 2012 -TVG 2012 (GZ 68.205/0131-used in two replicate batches (batch 1, n = 54; and batch 2, n = 56). One more female and one 310 more male were used in batch 2 compared to batch 1. From 1 to 8 dph, chicks of the same sex 311 were group-housed (n = 5-6 chicks/cage). On 9 dph until the end of the experiment (30 dph), 312 chickens were randomly allocated to individual cages to determine their individual feed 313 intake. Housing and environmental conditions were previously described (15). Chickens were 314 housed in stainless steel metabolic cages throughout the study, with flooring made of wire 315 mash (10 mm × 10 mm) and padded with rubber tubing. A tray was put under each cage and 316 was laid out with parchment paper to facilitate excreta collection. Each cage was equipped 317 with one manual feeder and drinker. All chickens had ad libitum access to starter (1 to 8 318 dph), grower (9 to 20 dph) and finisher (21 to 30 dph) corn-soybean meal based diets and 319 demineralized water. The detailed dietary ingredient and chemical composition can be found 320
in Table S5 . Diets were free of antimicrobials and coccidiostats. Fresh feed was provided at 321 9:00h every morning and feeders were re-filled with feed at 15:00h to ensure ad libitum 322 access to feed. 323
Inoculation and preparation of the FMT. Immediately upon arrival before having 324 access to feed and water and on 6 and 9 dph, chickens were either inoculated with 100µl of 325 the FMT [10 4 colony forming units (CFU)] or a CT [(sterile phosphate buffered saline (PBS)]. 326
Chickens housed together received the same transplant. The transplant was orally 327 administrated at the back of the tongue and chicks were supervised that they swallowed. On 6 328 and 9 dph, feed was withheld for 15min before and after the administration. 329
For preparation of the FMT, freshly dropped excreta from low RFI (good FE) chickens 330 (females, n = 4; and males, n = 2) were aseptically collected on 30 dph in a previous chicken 331 experiment. Fecal droppings were immediately processed per bird under anaerobic conditions 332 and were kept on ice throughout the procedure. The white portion of the excreta mainly 333 comprising uric acid was removed. Twice the amount of PBS was added and the mixture was thoroughly homogenized. To separate undigested feed and particulate material from the fecal suspension from each chicken was then aliquoted to avoid multiple thawing and freezing 340 cycles for the single inoculations. On the inoculation days, one aliquot of the fecal suspension 341 from each low RFI female and male chicken was thawed on ice and equal volumes of the 342 single suspensions were combined and homogenized to form the FMT stock. 343
Anaerobic and aerobic culturing and quantitative PCR (qPCR) was used to estimate the 344 bacterial numbers in the prepared FMT stock before the start of the chicken experiment. and spills were recorded. Feed refusals were collected before feeding at 9:00h daily and spills 359 were collected before recording feed intake on 9, 14, 21, 28 and 30 dph. Body weight was measured upon arrival and on 6, 9, 14, 21, 28 and 30 dph. The RFI was determined for the 361 experimental period from 9 to 30 dph. A nonlinear mixed model (SAS Stat Inc., version 9.4; 362 Cary, NC, USA) based on data for TFI, metabolic mid-test body-weight and TBWG from 9 to 363 30 dph was used to estimate chicken's RFI as the residuals over the test period (15). 364
Regression analysis was performed for each batch individually. In order to investigate 365 whether the FMT could improve the RFI of poorly feed efficient (high RFI) chickens without 366 impairing the RFI of good feed efficient (low RFI) chickens, chickens with the most extreme 367 RFI values were selected. A total of 15 low (females, n = 8; and males, n = 7) and 13 high 368 (females, n = 7; and males, n = 6) RFI chickens receiving the FMT and 14 low (n = 7/sex) and 369 14 high (n = 7/sex) RFI chickens receiving the CT were selected. Only fecal samples from 370 these selected chickens were analyzed for nutrient content and microbiota composition. The pre-filtered and stitched reads were processed using the Quantitative Insights Into 398 Microbial Ecology (QIIME) package (version 1.9.1) (36). Fastq files were quality trimmed 399 using the "multiple_split_libraries_fastq" script for demultiplexed Illumina fastq data using a 400 quality threshold of q<15. Chimeric sequences were removed with the UCHIME method 401 using the 64-bit version of USEARCH (37, 38) 
665
Low RFI FMT females, n = 8; low RFI FMT males, n = 7; high RFI FMT females, n = 7; high RFI FMT males, 666 n = 6; low RFI CT females, n = 7; low RFI CT males, n = 7; high RFI CT females, n = 7; high RFI CT males, n 667 = 7. 668 a TFI, TBWG and RFI were calculated for the experimental period from 9 to 30 days post-hatch.
669
Sex affected TFI, TBWG (P < 0.001) and RFI (P < 0.05). 
670
